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Abstract A plant transformation-competent binary
bacterial artificial chromosome (BIBAC) library was
constructed from Musa acuminata cv. Tuu Gia (AA), a
black Sigatoka-resistant diploid banana. After digestion
of high-molecular-weight banana DNA by HindIII,
several methods of DNA size selection were tested, fol-
lowed by ligation, using a vector/insert molar ratio of
4:1. The library consists of 30,700 clones stored in 80
384-well microtiter plates. The mean insert size was
estimated to be 100 kb, and the frequency of inserts with
internal NotI sites was 61%. The majority of insert sizes
fell into the range of 100±20 kb, making them suitable
for Agrobacterium-mediated transformation. Only 1%
and 0.9% of the clones contain chloroplast and mito-
chondrial DNA, respectively. This is the first BIBAC
library for banana, estimated to represent five times its
haploid genome (600 Mbp). It was demonstrated by
hybridization that the library contains typical members

of resistance gene and defense gene families that can be
used for transformation of disease susceptible banana
cultivars for banana genetic improvement.

Introduction

Banana and plantain are grown in almost 120 countries
of tropical and subtropical regions, producing about
100 million tons of fruit every year. In the context of
production value, bananas, and plantains are the fourth
worldwide crop after rice, wheat, and maize (INIBAP
2001). However, the global production of bananas and
plantains is being threatened by the foliar fungal path-
ogen Mycosphaerella fijiensis, the causative agent of
black Sigatoka, or black leaf streak disease (BLS), which
can lead to reductions in yield of more than 50%. Ba-
nana and plantain are clonally propagated monocoty-
ledonous plants that are judged recalcitrant to
conventional breeding, chiefly due to high levels of ste-
rility, differing levels of ploidy, and the necessity of
producing parthenocarpic progeny. An alternative
solution to this problem is the application of genetic
transformation for existing commercial cultivars.

Musa acuminata cv. Tuu Gia (AA), an edible diploid
banana, is thought to have originated in Vietnam
(I. Buddenhagen, personal communication), and
according to the chloroplast and mitochondrial RFLP
analysis, this parthenocarpic accession is considered to
have a cytotype paternally related with M. acuminata
spp. errans clone (Carreel et al. 2002). It is recognized as
having durable and high resistance to M. fijiensis
(Fullerton and Olsen 1995; Ortiz 2000). In this study, we
present the results of the construction and character-
ization of a binary bacterial artificial chromosome
(BIBAC) genomic library of M. acuminata cv. Tuu Gia
(AA). The BIBAC technology can be used as a means
to obtain transformation-ready, genomic libraries with
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large inserts, enabling the transfer of gene clusters up to
120 kb into plant cells (Hamilton et al. 1996, 1999; Liu
et al. 1999, 2002; He et al. 2003). Although studies had
demonstrated that the cultivar Tuu Gia is able to pro-
duce viable pollen (Perea-Dallos 1998), Tuu Gia is
considered sterile; therefore, genomic applications that
rely on genetic mapping, such as map-based cloning,
could not be applied. However, using other approaches
for gene or gene cluster discovery, such as the use of
resistance and defense gene analogues as probes, are
some of the multiple applications. Access to a trans-
formation-ready large-insert genomic library of Tuu Gia
will allow the study of the function of various genes,
especially those coding for proteins involved in agro-
nomical important traits, such as disease resistance.

Deciphering the banana genome is the task of the
International Musa Genomics Consortium, for which
the BIBAC library of Tuu Gia will be very useful in
parallel with already available BAC libraries of M. ac-
uminata Colla type Calcutta IV (AA) and M. balbisiana
(BB).

Materials and methods

Plant materials

The youngest fully developed leaves were collected from
greenhouse-grown ex vitro plants of M. acuminata cv.
Tuu Gia (AA) obtained from the INIBAP Musa
Germplasm Transit Centre in Leuven, Belgium (acces-
sion no. ITC 610), which had been previously kept in
darkness for 48 h to reduce starch levels (P. Gresshoff,
personal communication).

Preparation of BIBAC vector

Escherichia coli strain DH10B containing the BIBAC
vector pCLD04541 was grown in LB medium (Sigma,
USA) augmented with tetracycline (15 mg/l) at 37�C
and 250 rpm overnight. The DNA was prepared by the
alkaline lysis method, followed by two rounds of ce-
sium chloride gradient purification (Sambrook and
Russell 2001). The vector was digested with HindIII to
completion and dephosphorylated to prevent self-liga-
tion.

Preparation of electrocompetent cells

This procedure was carried out according to Sambrook
and Russell (2001), with some modifications. SOC
medium without magnesium (2% tryptone, 0.5% yeast
extract, 10 mM KCl, 20 mM glucose, pH 7.0) was
inoculated using a fresh colony of DH10B cells and
grown at 37�C for 4–5 h until OD550=0.7. After the
washing steps, the cells were finally resuspended in the
minimum amount of 1 ml ice-cold washing buffer;

aliquots of 20 ll-stocks were frozen using an ethanol/
dry ice bath and stored at �80�C.

Preparation of high-molecular-weight DNA

Nuclei were isolated according to Zhang et al. (1995,
1996a), with some modifications. One hundred grams of
the youngest banana leaves were ground into a fine
powder in liquid nitrogen and the powder transferred
into an ice-cold 1,000-ml beaker containing 1· homog-
enization buffer (0.01 M Trizma base, 0.08 M KCl,
0.01 M EDTA, 1 mM spermidine, 1 mM spermine,
0.5 M sucrose, pH 9.4–9.45) plus 0.15% b-mercapto-
ethanol, 0.5% Triton X-100 and 2% polyvinylpyroli-
done (hereafter known as washing buffer). The
homogenate was filtered through two layers of cheese-
cloth and one layer of Miracloth (Calbiochem, USA),
and the nuclei were recovered by centrifugation at
1,800 g at 4�C for 5 min. Nuclei were then resuspended
in washing buffer, centrifuged at 57 g for 2 min, and the
supernatant containing the nuclei finally filtered using a
layer of Miracloth, followed by four additional washing
steps, including centrifugation at 1,800 g and 4�C for
15 min. Nuclei were again resuspended in 1 ml 1·
homogenization buffer, embedded in LMP agarose
plugs (0.5% final concentration), and disposed in 80-ll
molds. A subsequent digestion of plugs with lysis buffer
(0.5 M EDTA pH 9.3, 1% sodium lauryl sarcosine,
0.2 mg/ml proteinase K) was carried out for 48 h at
50�C. Three washes were performed in ice-cold TE
(10 mM Tris-HCl, pH 8.0; 1 mM EDTA, pH 8.0) plus
0.1 mM phenylmethyl sulfonyl fluoride (PMSF), and
then three washes in ice-cold TE without PMSF, with
1 h for each wash, followed by pulse-field-electropho-
resis (PFGE), as conditioned by Tao et al. (2002), to
eliminate small fragments, and finally stored in TE at
4�C.

BIBAC library construction

Agarose plugs previously cut into 24 pieces to improve
enzyme diffusion were incubated in 1 ml incubation
buffer (50 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl,
2 mM spermidine, 1 mM DTT) on ice for 2 h, with
buffer exchange after 1 h. Each lot of eight pieces of
plugs was transferred to different microcentrifuge tubes
for partial digestion with 170 ll digestion buffer (incu-
bation buffer, 0.5 mg/ml BSA) plus HindIII enzyme
(Invitrogen, USA), using a range of 0–4.8 U/tube. The
digestion reaction was incubated on ice for 90 min and a
further 8 min at 37�C in a water bath. The reaction was
stopped by adding one tenth volume 0.5 M EDTA,
pH 8.0. Partially digested DNA in the plugs was ana-
lyzed by PFGE, following conditions reported by Tao
et al. (2002), to determine partial digestion conditions
that produced the majority of restricted fragments in a
range from 100 kb to 300 kb.
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According to partial digestion conditions determined
above, large-scale partial digestion was performed using
ten plugs, which were digested using 1.2, 1.4, and 1.6 U/
tube of HindIII and loaded in a 1% preparative agarose
gel in 0.5· TBE buffer. Restriction fragments were re-
solved in a CHEF DRII System (Bio-Rad, USA) under
the following conditions: 6 V/cm, 90 s switch time,
12.5�C, 0.5·TBE, for 14 h, followed by 1–6 s switch
time, 6 V/cm, 12.5�C, for 6 h. Marker lanes were excised
from the gel, stained with ethidium bromide, and re-
aligned to the unstained portion of the gel. The gel
section containing fragments of 100–300 kb was cut in
two pieces of 5.5 mm each and electroeluted using
dialysis tubes with an exclusion molecular weight of
14 kDa (Sigma) by PFGE at 6 V/cm, 40 s switch time,
12.5�C, in 4 mM Tris-acetate, 1 mM EDTA, for 4 h.
The concentration of DNA fragments was estimated by
standard agarose gel electrophoresis, using lambda
DNA of known concentration as a reference.

Several ligations were performed at different molar
ratios of vector to the insert (1:1, 2:1, 4:1). Ligation
mixtures contained 8.5 Weiss U/ng total DNA (insert +
vector) of T4 DNA Ligase (New England BioLabs,
USA) and were incubated for 12 h at 16�C.

Subsequently, 1.5 ll ligation mixture was used to
transform E. coli DH10B competent cells by electropo-
ration in a Gibco–BRL Cell Porator and Voltage
Booster System (Gibco–BRL, Grand Island, N.Y.,
USA) at 350 V, 330 lF capacitance, low W impedance,
fast charge rate, 4 kW resistance; and immediately
transferred into 1 ml SOC medium (2% Bactotryptone,
0.5% Bacto yeast extract, 10 mM KCl, 10 mM MgCl2,
10 mM MgSO4, 20 mM glucose, pH 7.0); incubated for
1 h at 37�C and 250 rpm; and then plated on selective
medium (LB + 1.4 mg/l IPTG + 60 mg/l X-Gal +
15 mg/l tetracycline). White colonies were randomly
selected for plasmid preparation (Sambrook and Russell
2001). Plasmids were digested with 1 U NotI in 40-ll
reactions. The mean insert size was estimated by PFGE
at 6 V/cm, 5–15 s switch time, 12.5�C, for 13.5 h.

White colonies from the best ligation were inoculated
into 384-well plates containing 60 ll LB freezing med-
ium [LB, 36 mM K2HPO4, 13.2 mM KH2PO4, 1.7 mM
sodium citrate, 0.4 mM MgSO4, 6.8 mM (NH4)2SO4,
4.4% glycerol] with 15 mg/l tetracycline and incubated
at 37�C overnight. Finally, the plates were stored at
�80�C.

BIBAC library screening

The BIBAC library was robotically double-spotted onto
22.5·22.5-cm Hybond-N+ nylon membranes (Amer-
sham, Pharmacia Biotech, USA) in a 3·3 format, each
containing 1,536 clones, using the QPixII robot (Ge-
netix, Aachen, Germany).

The characterization of the library included the esti-
mation of the mean insert size and insert size distribu-
tion as well as the number of clones containing repetitive

and organellar DNA, using total genomic DNA, a
chloroplast DNA mix (ndhA, rbcL, and psbA genes from
barley), and mitochondrial DNA fragments (nad4, atp6,
and atp9 genes from soybean), respectively, as probes.

Two EST clones (TG-BR and HEM) obtained by
differential display from wounded tissue of M. acumi-
nata cv. Tuu Gia (AA) treated with M. fijiensis extracts
(INCO-DC project IC18-CT97-0192; C. Navarro et al.
unpublished) and a single PCR fragment amplified from
Tuu Gia DNA, using NBS-LRR RGA9 primers from
rice (5-CACGACTCTTGCTCAAATGG-3; 5-GCCTC-
CACATATTCCCACAA-3), were also used to demon-
strate the usefulness of the library for gene fishing. The
preparation of probes was performed by radioactive
labeling, using [35S]-dATP, employing random priming.
After hybridization, membranes were treated according
to Sambrook and Russell (2001) and immediately ex-
posed to a Kodak BioMax MR film for 2–8 days. In
order to confirm positive BIBAC clones, they were
grown for plasmid preparation (Sambrook and Russell
2001), digested with NotI, analyzed by PFGE, and fi-
nally Southern-transferred. The Southern membrane
was separately hybridized against EST-TGBR and TG-
RGC9 probes.

Results

Construction of the BIBAC library

A large-insert arrayed BIBAC library was constructed
from HindIII partially digested nuclear DNA of M. ac-
uminata cv. Tuu Gia (AA) in the binary vector
pCLD04541 at a 4:1 vector:insert molar ratio and with a
single size selection. Transformation efficiency was esti-
mated to have an average of 1.75·105 clones/lg of
DNA, using self-made electrocompetent cells. A total of
30,700 clones were arrayed in 80 384-well plates (20
empty wells were counted).

Characterization of the BIBAC library

To estimate the insert size of the library, we randomly
selected 120 clones, which were digested with NotI and
analyzed by PFGE. The results showed that the library
had a mean insert size of 100 kb. The frequency of in-
serts with internal NotI sites was 61% (Fig. 1). The
majority of the insert sizes fell into a range of 100–
120 kb, with more than 50% of inserts larger than
100 kb (Fig. 2). No insert-empty clones were observed
from the 120 random clones analyzed. Five different
BIBAC clones were tested for stability analysis and
showed identical NotI-digested restriction fragment
patterns from generations 1–100 in E. coli. (data not
shown).

A total of five filters (7,680 clones) representing 25%
of the library were screened with organellar DNA; 1%
and 0.9% of the library clones were identified to contain
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chloroplast and mitochondrial DNA sequences, respec-
tively (Fig. 3). When total genomic DNA of M. acumi-
nata cv. Tuu Gia (AA) was used as a probe,
hybridization signals of different intensities were ob-
tained for different clones, indicating that highly repet-
itive DNA (strong signals) was present in an average of
27% of 4,608 randomly selected clones (data not
shown).

Taking into account that the size of the haploid ba-
nana genome is estimated to be 600 Mb (Dolezel et al.
1994), this BIBAC library represents 5.1 times the hap-
loid genome, after subtracting 584 clones of organellar
DNA. According to Clarke and Carbon (1976) the
probability of obtaining a particular clone, using a sin-
gle-copy sequence probe, is greater than 99%.

When 4,608 clones (three filters) of the library were
screened with the EST sequences, 65 positive clones were
obtained for the EST-TGBR probe (Fig. 4) and 38 po-
sitive clones for the EST-HEM probe. Both probes were
obtained using differential display after the Tuu Gia

plants were infected using M. fijiensis. The EST-TGBR
sequence was shown to have little homology with a
resistance gene kinase from rice. The EST-HEM se-
quence was shown to have partial homology with a re-
pressed cDNA fragment homologous to a bitter gourd
inhibitor of a sequence-specific Streptomyces griseus
endopeptidase. (INCO-DC project IC18-CT97-0192; C.
Navarro et al. unpublished).

The Tuu Gia PCR product of the RGA9 rice
primers (TG-RGC9 fragment) consisted of a single
400-bp band (expected size 452 bp, data not shown); it
was sequenced and shown to have little homology with
the RGA9 and RGA14 sequence from rice. One part of
the translated sequence showed high homology with
the motif MQLSLMSLVLGFL, corresponding to both
a putative leucine-rich repeat protein kinase, and a
receptor kinase-like protein from Arabidopsis thaliana.
Another membrane copy, prepared from the same mi-
crowell plates used with the EST-TGBR probe, was
hybridized against the TG-RGC9 fragment, and gave
the same hybridization pattern as that of the EST-
TGBR (Fig. 4). The Southern hybridization of positive
BIBAC clones showed that the EST-TGBR and the
TG-RGC9 fragments are located in the same genomic
regions (Fig. 5).

Discussion

Highly purified vectors and properly size-selected, high-
molecular-weight DNA inserts are essential for the
success of BAC and BIBAC library construction, which
is consistent with previous studies (Luo et al. 2001).
Inclusion of polyvinylpyrolidone in the washing buffer
and additional washes for nuclei preparations of banana
are important, because polyvinylpyrolidone binds, and

Fig. 1 Analysis of 30 random
binary bacterial artificial
chromosome (BIBAC) clones
from the banana BIBAC
library, digested with NotI and
separated by pulse-field-
electrophoresis (PFGE). Lanes
1 and 36, indicated by letter M,
are lambda-ladder PFGE
markers and the remaining lanes
are BIBACs. The insert size of
each BIBAC clone was
estimated by adding up all
insert bands of the clone, using
the lambda-ladder markers as
the reference

Fig. 2 Insert size distribution of the banana BIBAC library, based
on 120 random clones analyzed as Fig. 1
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the additional washes minimize polyphenols that could
interact with DNA and thus reduce the quality of DNA
fragments.

To reduce the starch levels that can decrease the
quality of the plugs, it was adequate to keep the plants in
darkness for 48 h before sampling. The quality of aga-
rose plugs is crucial for the successful ligation, the
optimal fragment size, and subsequent transformation
efficiency. Although double-selection procedures were
tested, it was found that using only a single selection

with two different runs was sufficient to obtain high
transformation efficiency, as Vilarinhos et al. (2003) re-
ported. Moreover, the pre-size selection of the plugs by
PFGE before partial digestion eliminated small DNA
fragments and further purified the DNA for large frag-
ment cloning, both increasing the cloning efficiency of
the library. Another critical point has been the vector:
insert molar ratio for ligation. In the present study, the
vector:insert molar ratio of 4:1 was shown most desired
for BIBAC library construction.

Fig. 3 BIBAC clones
containing chloroplast and
mitochondrial DNA. Two
filters of the BIBAC library
(3,072 clones) hybridized with
the cpDNA probe made of
psbA, ndhA, and rbcL (a) and
two filters hybridized with
mtDNA probes made of nad4,
atp6, and atp9 (b)

Fig. 4 BIBAC clones identified
with the EST-TGBR and the
TG-RGC9 fragment,
respectively. Three filters of the
BIBAC library (4,608 clones)
hybridized with the EST-TGBR
sequence (a), three filters
hybridized with TG-RGC9
fragment (b), and three filters
hybridized with the three
chloroplast genes as negative
control (c)
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BIBAC libraries have been reported for several
species, including tomato, wheat, soybean, Brassica
spp., Lotus japonicus, rice, and A. thaliana (Hamilton
et al. 1999; Moullet et al. 1999; Meksem et al. 2000;
Wu et al. 2000; Men et al. 2001; Tao et al. 2002; Chang
et al. 2003), but this paper describes the first BIBAC
library for banana (Musa spp.). There have already been
two BAC libraries of the wild diploid banana M. ac-
uminata ssp. burmannicoides type Calcutta IV, one BAC
library of the triploidM. acuminata cv. Grand Nain, and
one BAC library of the wild diploid M. balbisiana
(Vilarinhos et al. 2003; Kaemmer et al. 2002; Safar et al.
2002; INCO-DC project IC18-CT97-0192, A. James
et al. unpublished). However, given the nature of BI-
BAC transformability via Agrobacterium in plants
(Hamilton et al. 1996, 1999; Liu et al. 1999, 2002; He
et al. 2003) and the unique nature of the DNA source,
the BIBAC library of M. acuminata cv. Tuu Gia (AA)
reported here will provide an additional and uniquely
powerful tool for banana genome research and breeding,
especially functional analysis and genetic engineering of
the banana genome.

The fact that 61% of the inserts of the analyzed BI-
BAC clones contained at least one internal NotI site is
not surprising. He et al. (2003) reported that there is a
higher G+C content in monocotyledonous plants
compared to dicotyledonous plants, which increases the
chance for a NotI recognition site. Therefore, it is diffi-
cult to subclone the entire inserts of BAC clones of
monocotyledonous plants into a binary vector for ge-
netic transformation (Zhang et al. 1996b). In contrast,
all inserts from this pCLD04541-based library are
competent for direct transformation mediated by Agro-
bacterium. Stable transformation of inserts shorter than
100 kb has successfully been described in several plant
species (Hamilton et al. 1996, 1999; Liu et al. 1999, 2002;
He et al. 2003). Although Song et al. (2003) reported
that potato DNA fragments larger than 100 kb in BI-
BAC vectors are not stable in Agrobacterium, additional
research in this regard is needed, because BIBACs with

inserts of larger than 100 kb were shown stable in dif-
ferent Agrobacterium strains in several studies (Hamil-
ton et al. 1996, 1999; Liu et al. 1999, 2002; Wu et al.
2000; Men et al. 2002; He et al. 2003). The low number
of inserts containing chloroplast DNA (1%) and mito-
chondrial DNA (0.9%), respectively, is a further dem-
onstration of the high quality of the library.

Depending on the characteristics of particular disease
resistance genes in the genus Musa, the transfer of pre-
selected clustered resistance gene analogues (RGAs) may
assist in the production of various disease-resistant edi-
ble banana and plantain cultivars. Although this strat-
egy seems to be questionable in the case of BLS because
a major susceptibility gene is possibly present in the
genomes of most cultivars, other diseases, e.g., Fusarium
wilt, can be controlled by a single, dominant resistance
gene (Ortiz and Vuylsteke 1994; Vakili 1965).

However, the donor banana of this library, Tuu Gia,
is known to possess one of the most effective and
durable BLS resistance mechanisms in the M. acuminata
species (Fullerton and Olsen 1995; Craenen and Ortiz
2003). The responsible battery of highly regulated de-
fense genes is a treasure trove for, among others,
inducible promotors, phytoalexin biosynthesis genes, or
any kind of signal perception and transduction kinases
that are not accessible by M. fijiensis molecular attack
mechanisms.

Consequently, the first characterization of this BI-
BAC library included both RGA and EST probes. It is
not surprising that NBS-type RGAs hybridize to a high
number of BIBAC clones, because the highly conserved
nucleotide-binding site is present in many genes coding
for kinases or ATP/GTP-dependent enzymes. This
number is probably lower, because only 50% of the
positive clones could be confirmed when the corre-
sponding BIBAC clones were subjected to Southern
analysis. Both ESTs also hybridized to a large number of
BIBAC clones, which was unexpected. In the first case,
the EST-HEM (which resembles a proteinase inhibitor),
the EST expression is down-regulated by fungal extracts.

Fig. 5 BIBAC clones analyzed by PFGE and Southern hybridiza-

tion. (a) SYBR Gold-stained gel after PFGE. The BIBAC DNA
was digested with NotI and separated in a 1% agarose gel. (b)
Autoradiograph of the blot after hybridization with the EST-

711



In the second case, the EST-TGBR, a selected EST
candidate turned out to be a possible kinase itself,
showing some homology to one of the used RGA se-
quences from rice. There is some evidence that a few
kinases coded by resistance genes can be induced by the
pathogen (Yoshimura et al. 1998).

The exactly matching hybridization patterns of the
TG-RGC9 fragment and the EST-TGBR are evidence
for the clustering of these two genes in close proximity
or even their physical identity. It remains that mass
transformation of a susceptible banana cultivar should
be studied using a mixture of all positive clones identi-
fied in this paper, leading to the selection of a single,
BLS-resistant cultivar.

According to these results, the analyzed ESTs belong
to a group of defense genes that are members of a
multigene family. We consider that this library can be
used to attempt to recognize clones containing ESTs, as
well as family members of resistance gene clusters that
are estimated to be up to 100 kb (Hulbert et al. 2001)
and eventually to transform banana plants susceptible to
BLS. This library is available for the members of the
International Musa Genomics Consortium.
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